A supersonic pan-evaporimeter was developed for performing dynamic analysis of evaporative demand in a greenhouse. The pan-evaporimeter comprises two parts: a small-sized cylindrical container (a diameter of 27 cm, a height of 15 cm) filled with water and a supersonic water-level detector. The pan evaporation rate (Epan) can be evaluated for an arbitrary time interval on the basis of the decrease in the water level due to evaporation from the pan-evaporimeter. The performance and validity of the panevaporimeter were examined by analyzing the characteristics of Epan on an hourly basis and its relation with the solar radiation, air temperature and humidity, wind speed, in addition, the transpiration rate of a tomato plant (Tr) in a greenhouse. A positive linear relationship was clearly obtained between the hourly Epan and the environmental elements, and then sensitivity of Epan to the environmental elements was revealed. Furthermore, a good correlation was found between the Epan and the Tr on hourly basis for one day. These results suggest that the developed pan-evaporimeter is a useful tool for analyzing the dynamics of evaporative demand and for estimating the transpiration rate in a greenhouse.
Introduction
Evaporative demand of the environment induces the transpiration stream in plants, which is one of the most important factors for plant growth (Kitano et al., 2007) . Solar radiation was used as an indicator for water management in hydroculture (Nakamura et al., 1988) , whereas factors other than solar radiation (e.g., humidity) also affect the transpiration (Sato, 1989) . Furthermore, humidity and windspeed are related to the leaf gas exchange (Yabuki and Miyagawa, 1970; Yasutake et al., 2001) ; hence, much interest has focused on regulating the humidity and windspeed within a greenhouse (e.g., Kozai, 2009) . Therefore, the evaporative demand, which depends on multiple environmental factors, should be understood quantitatively for controlling the transpiration stream in plant production systems. However, complicated physical processes introduce many difficulties in quantitatively analyzing the evaporative demand. Kitano et al. (1990) defined the effective evaporative demand on a transpiring single leaf on the basis of leaf heat balance. Allen et al. (1998) introduced the reference crop evapotranspiration that were obtained from meteorological data only; this has been widely used for estimating actual evapotranspiration and/or the amount of irrigation water required. These techniques seem to be effective, but they are intended for controlled environments (laboratory) and open crop fields, respectively. As a more direct and easier method for analyzing evaporative demand, the pan-evaporimeter has been in common use (e.g., Sakuratani, 1982; Jhajharia et al., 2009) and has also been applied to greenhouses in a few cases (Liu et al., 2008) . However, widely used pan-evaporimeters equipped with an analogue gauge or a load cell, etc. (e.g., Sakuratani, 1982; Chow, 1994) are generally large and provide information on a daily or weekly basis; consequently, the usability and accuracy of data obtained from such pan-evaporimeters are insufficient for them to be used in a greenhouse, where more dynamic management of water is needed.
In this study, a small-sized pan-evaporimeter for dynamic analysis of evaporative demand in a greenhouse was developed by applying a supersonic sensor, which has often been used to measure the water level exactly (e.g., Enamorado et al., 2007) . Furthermore, its performance and validity were examined by analyzing the characteristics of the pan evaporation rate on an hourly basis and its relation with the environmental elements, in addition, leaf transpiration rate in a greenhouse. Figure 1 shows a photograph of the developed supersonic pan-evaporimeter, which comprises two parts: a small-sized cylindrical container (a diameter of 27 cm, a height h of 15 cm) filled with water and a water-level detector (accuracy of 1 F.S., precision of ±0.1 mm, and minimum detection of 0.01 mm) composed of a supersonic displacement sensor (E4DA-LS7, OMRON), an amplifier (E4DA-WL1C, OMROM) and a data logger (GL800, GRAPHTEC). The water level (WL) in the pan can be evaluated as h-d, where d is the displacement between the supersonic sensor and the water table. Since temperatures of water and air affect the water volume in the pan and the sensor's characteristics, we should consider these temperature effects on the WL measurements.
Materials and methods

Pan-evaporimeter
As the water temperature (TW) rises, the water volume (i.e., water level) increases and therefore WL should be corrected with reference to TW. Using the expansion rate of water volume (b) at a standard temperature (T0), a water level (WL0) at T0 can be expressed as Eq. (1) on the assumption of a constant volume for the pan container:
b is known to be 0.21 10 -3 -1 at the temperature T0 for 20 (National Astronomical Observatory of Japan, 2010). The effect of air temperature (0-40 ) on sensor's characteristics is very small ( 1 ) and can be ignored. The decrease in WL0 for an arbitrary time interval due to evaporation from the pan-evaporimeter can be measured by Eq. (1); therefore, the pan evaporation rate (Epan) is evaluated continuously. 2.2 Performance test: Analyzing Epan in a greenhouse The pan-evaporimeter was used in a greenhouse (14 m long in north-south direction, 6 m width in east-west direction) at the Faculty of Agriculture, Kochi University, where environmental elements such as solar radiation (RS), temperature (TA) and relative humidity (RH) of air, wind speed (u), and water temperature (TW) in the pan-evaporimeter, etc. were measured and recorded at interval of 1 min. Table 1 summarizes instruments used for measuring environmental elements.
To examine the performance of the pan-evaporimeter, the diurnal (hourly) change in Epan was evaluated from the decrease in WL0 on a sunny day (July 30, 2009) . Furthermore, the impact of hourly averaged meteorological elements (RS, TA, air vapor pressure deficit VPD, and u) on the diurnal Epan was analyzed. VPD was calculated from Eqs. (2)-(4) using TA and RH data (Allen et al., 1998) : 
where es is the saturation vapor pressure at TA and ea is the actual vapor pressure. The pan-evaporimeter also enables the evaluation of Epan on a daily basis. During the period of July 27 to Hausu momotarou) were transplanted into the nutrient film technique (NFT) hydroponic system, where evaporation from the NFT system was prevented by covering the surface of nutrient solution with nonpermeable materials. This NFT system enabled us to evaluate water and ion uptake rate of roots simultaneously on the basis of their balance in the system (Yasutake et al., 2004) . The plants were grown using the nutrient solution of the A-prescription of OTSUKA HOUSE (Otsuka Chemical Co., Ltd., Osaka) at an electrical conductivity of 1.0 dS m -1
. The liquid-phase water absorbed by the roots moves to the leaves through the plant body, and most of the water diffuses from the stomata of leaves into the ambient air via transpiration (Kramer and Boyer, 1995) . Therefore, in this study, the transpiration rate (Tr) was considered to be the same as the root water uptake rate (Yasutake et al., 2009) . On a sunny day approximately 10 weeks after transplanting (January 26, 2010), diurnal changes in Tr for the plants pinched at two leaves above the fourth truss, and Epan were measured and their relationship was analyzed. Figure 2 shows the diurnal changes in hourly averaged RS, TA, VPD, u, TW, WL0 , and Epan of the pan evaporimeter in the greenhouse on July 30, 2009. The difference between saturation vapor pressure (es (TW)) at TW calculated from Eq. (3) and ea is also shown, and WL0 was regarded to be zero at 0000 h. It is well-known that RS, TA, VPD and u are factors that induce evaporation (Monteith and Unsworth, 1990) . RS started to increase from 0600 h and reached a maximum of 720 W m -2 at 1300 h. TA and VPD changed with RS and showed maximum values of 39 and 3.6 kPa, respectively. u was relatively constant at lower levels and ranged from 0.05 to 0.20 m s -1
Results and discussion
Characteristics of Epan in a greenhouse
. TW followed TA and showed a maximum of 38 at 1400 h. es (TW)-ea, which can be regarded to be a driving force for Epan, changed with TW. WL0 decreased rapidly in the daytime compared to the nighttime. Under almost windless conditions of high temperature and dry air, Epan can be evaluated on an hourly basis from the decrease in WL0; Epan showed a similar pattern WL0 was regarded to be zero at 0000 h. All data are shown as hourly mean value, except for Epan.
with RS, TA, VPD and es (TW)-ea, and its value was higher during daytime (with a maximum of about 0.49 mm h -1 ) than during nighttime. The Epan value temporarily dropped during 0900-1000 h; the reason for this is unclear because it can not be related to the environmental elements in Fig. 2 . On the other hand, the phenomenon of the Epan drop at the same hour was also observed on other days in the same season (data not shown) but not in another season (e.g., Fig.  5 ), and therefore it might be caused by shade effect of the greenhouse structure on the pan-evaporimeter. However, we measured RS only at a height of 2 m in the center of greenhouse (Table 1) , and there was no data on the pan-evaporimeter. Figure 3 shows the relationships of Epan with RS, TA, VPD, and u; these relationships were obtained using the daytime data (but excluding that at 0900-1000 h because of its exceptional value) of Fig. 2 . Epan increased with RS, TA, VPD, and u. A comparison between the correlation coefficients (r) of the regression lines of Epan against the greenhouse environmental elements showed that Epan was most highly related to RS (r 0.91), followed by TA (r 0.77) and VPD (r 0.77). This indicates that RS has a more remarkable effect on evaporative demand in a greenhouse than the other elements, which is consistent with the report by Kitano and Eguchi (1991) . Therefore, Epan measured by the pan-evaporimeter seemed to be valid. The lowest correlation was found in the relationship between Epan and u (r 0.59), which may be attributed to the extremely low range of u (0.05-0.20 m s -1
). If u is controlled at higher level in a greenhouse (Kozai, 2009) , Epan may depend more on u.
Furthermore, the daily cumulative Epan was also investigated for the period from July 27 to August 10, 2009, as shown in Fig. 4 ) was about the same as or lower than the corresponding values observed in open fields (Kisi, 2006; Martínez Alvarez et al., 2007) . This can be attributed to the extremely low u of 0.11 ± 0.02 m s -1 during the experimental period in the greenhouse. Figure 5 shows the diurnal changes in the Epan and Tr values of a tomato plant on January 26, 2010. The Epan data at 1400-1500 h was not available because of a problem in the pan-evaporimeter. Epan started to increase from 0700 h and Tr followed Epan with a time lag of a few hours in the morning. In the nighttime, Epan was detected at lower level and small value of Tr was also observed (Kramer and Boyer, 1995) . Roughly speaking, a similar variation pattern in Epan was observed in Tr, that is, these values during daytime were 3-4 times higher than those during nighttime.
Relationship between Epan and Tr
On the basis of these data, the Tr and Epan values were compared with each other, as shown in Fig. 6 . Although the mechanism is different between leaf transpiration and water evaporation, a positive linear relationship was clearly found between Tr and Epan on an hourly basis; the correlation coefficient r was 0.87. Liu et al. (2008) analyzed the relationships of the daily Tr values in banana plants with the daily reference evapotranspiration ET0 calculated using five different models and the daily Epan during a 1-month period, and they reported that Epan can be considered as a good indicator for estimating Tr on a daily basis. In this study, we could also obtain the higher value of r (0.87) for one day, but as plants grow up, the Tr-Epan relationship should vary because of changes in greenhouse environment and plant physiological characteristics.
Concluding remarks
The pan-evaporimeter is one of the most useful methods for analyzing the evaporative demand of environment for a daily period or longer, and has been widely used for open fields in many studies (e.g., Sakuratani, 1982; Martínez Alvarez et al., 2007; Jhajharia et al., 2009) . For application of this method in a greenhouse where more dynamic water management is needed, we developed a supersonic pan-evaporimeter and examined its performance and validity. The pan evaporation rate can be evaluated on an hourly basis as well as on a daily basis, and it was found to be highly related to solar radiation, followed by air temperature and vapor pressure deficit, and wind speed. Furthermore, a good correlation was found between the pan evaporation rate and the transpiration rate on hourly basis for one day, although the mechanism is different between leaf transpiration and water evaporation. Our results suggest that the pan-evaporimeter developed is a useful tool for analyzing the dynamics of evaporative demand and for estimating the transpiration rate in a greenhouse. However, we should investigate the relationship between the pan evaporation rate and the leaf transpiration rate at different growth stages and/or for a long period.
